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ABSTRACT

This report gives the results of calculations of gamma-ray dose rates in two-legged
rectangular concrete ducts. The calculations were performed on an IBM 1620. They are
based on the differential dose albedo and include multiple scattering effects. The results
of the calculations are compared with experimental data for ducts whose widths vary from
11 inches to 6 feet, using Co-60, Cs-137, Au-198, and No-24 gamma-ray sources. The
calculated dose rates agree to within ±30 percent for all ducts and all sources, except
for small ducts with Cs-137 sources, ducts with very short first legs (LI/W S 1.33), and
for Au-198 sources.

Qualified requesters may obtain copiles of this report from DDC.
The Laboratory invites comment on this report particularly on the

results obtained by those who have applied the information.



INTRODUCTION

The ability to calculate dose rates in two-legged ducts would be of great
assistance to engineers designing shelter entranceways. If the calculations were
based on basic scattering principles and were verified experimentally, it would
give great insight into the phenomena taking place in radiation attenuation in a
duct.

The LeDoux-Chilton method 1 was developed on the albedo concept, where the
dose contributions from the different scattering areas in a duct were calculated using
the differential dose albedo. However, at the time of the development of this com-
putational technique, values for differential dose albedo were not known. Values
for differential dose albedos for various gamma-ray energies and entrance and exit
angles have since been calculated by Technical Operations, using the Monte Carlo
method. 2 Using the Technical Operations data, Chilton and Huddleston 3 developed
a semiempirical equation from which the differential dose albedo can be calculated
for any energy and any entrance and exit angle. Ingold 4 used this equation to cal-
culate build-up in the first leg and obtained good agreement with experimental results.

With an equation for albedo, and the equations for corner lip Inscattering and
penetration effects, it became feasible to calculate theoretical dose rates In concrete
ducts with an electronic computer. For these calculations, four programs were written
for the IBM 1620: (1) a program which performs the calculations devised In Reference 1,
(2) a program which uses small Incremental areas for calculating the dose rates from the
primary scattering areas, (3) a program which calculates the dose rates from multiple
scattering In the first and second legs of the duct, and (4) a program which calculates
the dose rates due to multiple scattering of gamma rays that are deflected (Inscattered)
by the corner lip. These programs therefore include all processes which Involve one
or two interactions; that is: one backscatter, one inscatter, one backscatter and one
penetration, two backscatters, and one backscatter and one inscatter.

In the study that follows, the method developed for calculating the differential
dose albedo is presented, then the four computer programs are outlined, and the results
of the calculations are compared with experimental measurements. The study was
sponsored by the Defense Atomic Support Agency through the Bureau of Yards and
Docks.



CALCULATION OF DIFFERENTIAL DOSE ALBEDO

The dose rate at the detector from the scattering area, A (Figure 1), is given
by

D0 a(E0, Bol E, )A cose 0
22 ()

r Ir2r1r2

where o(E0 , 0, 0, p) = the differential dose albedo

A = the area of the scattering surface

D = the dose rate at one unit length from the source

E0 = the initial energy of the gamma rays from the source

Values for a(E0 , 0, 6, (o) were calculated for various energies and entrance
and exit angles by Technical Operations, Inc., using the Monte Carlo method. 2

z
point source.

Area A

Figure 1. Scattering of gamma rays from surface.
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The equation developed by Chilton and Huddleston 3 to express the albedo for
a given energy is

(O 126 + C ' (
a(EO, eO, e, ) = cos) K e5) ~ 0 ) (2)

1+-
Cos

where C(EO) and C'(EO) are constants for a given energy, K(es) is the Klein-Nishina
differential energy scattering coefficient, and es is the angle through which the
radiation is scattered and is given by

cosa s = sin e0 sine cos p - cos o0 Cse

Chilton and Huddleston found C(E0 ) and C'(E0 ) by the least-squares fit of the
Technical Operations data by both a nonweighted fit and a weighted fit. The values
of C and C' found by the weighted fit are plotted in Figure 2. For calculation on the
computer, the curves of Figure 2 were fitted by the equations:

C expE- 2 . 921 + 0.6805 InE + 0.0111 (inE) 2 - 0.04131 (InE) 3 ] (3)

C' exp C-5. 89 + 0. 275 (E - 3. 25)2) 0.1mev ! E 1 Imev

C' expC- 4 .86 + 0.36(E - 2 1mev r. E g 2mev (4)

C' = exp[-4.83 - 0.013E] 2mev < E < 10mev

PROGRAM 1. LEDOUX-CHILTON CALCULATIONS

For the calculations based on the LeDoux-Chilton method, 1 the duct is divided
into the areas shown in Figure 3. A1 , A2 , and A3 + A4 are referred to as the primary
scattering areas, those areas in view of both the source and the detector. A5 , A6 ,
A7 , and A8 are those areas for which radiation must penetrate the corner lip before
reaching the detector.

3



C

0 1 2 3 4 5 6 7 8 9 10 1

Incident Gamma-Roy Energy (mnev)

Figure 2. Parameters C and C' versus energy.
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Figur 3. uct gomey showing scattering areas.
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The dose rate from any of the scattering areas is calculated from Equation 1,
where r1 , r2 , 00, 9, and p, shown in Figure 1, are measured at the center of the
scattering area. The albedo, a(E0 , 60 , e, 0,), is calculated from Equation 2.
C(E0 ) and C'(E 0 ) in Equation 2 are calculated from Equations 3 and 4.

For areas A5 , A6 , A7 , and A8 the size of the scattering area is found by
assuming that all gamma rays traveling a distance of one mean free path or less
through the corner lip reach the detector, and none traveling more than one mean
free path reach the detector. The validity of this assumption is shown in Reference 1.

The mean free paths, or RL's (relaxation lengths), used are the reciprocals of
the energy-absorption coefficients, as it is assumed that gamma rays scattered but
not absorbed are scattered through a small angle. These mean free paths, found by
taking the reciprocal of the energy-absorption coefficient for air given by Rockwell, 5

are plotted in Figure 4. For calculation on the computer, the curve of Figure 4 was
fitted by the equations:

RL = 4.65E "0 .2 4  E < 0.3mev

RL = 5.98 0.3mev s E 1.0mev

RL = 5.98E0 . 26 9  E > 1.0mev

10
9

C 6

5" 54 o65E*0.24

4

3
0.1 0.2 0.3 OA OZ 0

Gamma-Ray Energy (mev)

Figure 4. Energy -absorption mean free path for 145-1b/ft 3 air-equivalent

concrete.
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The remaining dose-rate contribution calculated with this program is that due to
the inscatter of gamma rays at the corner lip, as shown in Figure 5. The equation
developed in Reference 1 for this dose-rate contribution is

D0 ZN K( s) H (RL) 2 cose 0 cos6
D= 22

r Ir2r1r2

where r1 , r2 , e0 , e, and 6, are as shown in Figure 5 and are measured at the tip
of the corner lip; H is the height of the duct; RL is the mean free path of the gamma
rays in concrete and is given in Figure 4; and ZN is the number of electrons per unit
volume and was calculated to be

ZN = 1.15 x 1025 electrons/in. 3

for 145-1b/ft3 concrete.

The dose rates calculated with this program are about one-third of measured dose
rates for small ducts and about one-half for large ducts. This would be expected from
experimental evidence showing the importance of multiple scattering in a duct. 6,7

source

detector

Figure 5. Geometry showing inscatter of gamma rays
from corner lip.
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PROGRAM 2. CALCULATION OF PRIMARY SCATTERING AREAS BY INCREMENTS

In the LeDoux-Chilton program, r 1 , r, e0 , 6, and cp were considered constant
over each primary scattering area. This would not be a bad approximation for ducts
with very long legs, but could give erroneous answers for ducts with legs of medium or
short lengths. Therefore a program was written in which each primary scattering area
is divided into small increments for its calculation. The corner is divided into the
five areas shown in Figure 6. The ceiling (or floor) is divided into three areas for
ease of calculation. Each area shown in Figure 6 is divided into several small increments.
The dose rates for all the increments are calculated using Equation 1 and summed to
give the dose for the primary scattering area under consideration. For each calculation,
r1 , r2 , 00, 8, and (p are measured at the center of the incremental area.

The dose rate from a primary scattering area when calculated using small
incremental areas was generally 50 percent higher than when calculated as one area,
and was sometimes as much as 100 percent higher.

I detector

Figure 6. Division of primary scattering areas for calculation by
incremental areas.

8



For the above results, each of the areas of Figure 6 was divided into 16 increments.
It is felt that further division is undesirable, because it would greatly increase the
running time on the computer. Also, finer divisions would probably give no increase
in accuracy because of the tacit assumption that all gamma rays are backscattered at
the interface. Actually, a backscattered gamma ray may emerge at distances of a
mean free path or more from the point where it penetrated the wall of the duct.

PROGRAM 3. MULTIPLE SCATTERING CALCULATIONS

The dose-rate contribution from gamma rays which have been multiply scattered,
that is which have been scattered from more than one scattering surface before reaching
the detector, has been shown experimentally to be large. Therefore it is necessary to
make some attempt to calculate this dose-rate contribution.

A program was written which calculates the dose rate from gamma rays that have
been scattered from two scattering surfaces. The duct is divided into nine scattering
surfaces, as shown in Figure 7. All possible combinations are taken for which a gamma
ray from the source can scatter from one surface to another surface and then to the
detector.

52 source

7

detector

Figure 7. Scattering areas used in multiple scattering program.
Areas 2, 5, and 8 are either ceiling or floor.
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The dose rate at the center of the second area due to gamma rays from the source
impinging on the first area is calculated. Then the dose rate at the detector due to the
second surface and the previously calculated initial dose rate is computed. The energy
of the gamma rays impinging on the second area is assumed to be the energy of a gamma
ray having one Compton scatter at the center of the first area and going to the center
of the second area.

The equations used for these calculations are then:

D D0A IA 1cos 00 cos 00 a 1a2D- DoAIjCO 01cos021l2

222
r1 r2 r3

C(E0 ) K(6sl )1026 + C'(E 0 )

I +1

cose 1

C(Es) K(6s2) 1026 + C'(ES)
a2  cos 602

1+-
cos 62

where A. the area of the first scattering surface

A. = the area of the second scattering surface
J

E = the energy of a gamma ray undergoing one Compton scatter in going
s from the source to the center of Ai to the center of A-

and r1 , r2 , r3 , 61, 602, 91, O 1,1 and 02 are as shown In Figure 8 for the
case of i = 3 and 5. C and C are calculated from Equations 3 and 4.

Three possible combinations of i's and j's were found to be too complicated to
be put into this program. These are: i = 1 and j = 8, i = 2 and j = 7, and i = 2
and j = 8. Those combinations, believed to be small, were therefore neglected.
This lack is offset by the assumptions that surface 8 is in view of all of surface 4,
surface 6 is in view of all of surface 2, and surface 5 is in view of all of surface 2.
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Figure 8. Geometry for multiple scattering for i = 3 and j - 5.

Special means were needed to calculate the combination i = 1 and j=7.

From Figure 9:

1 ydx - X 2 (L1. - 2- s)

(S ~ -X I X2) +W, W2 InfLI

2 w2



where A1A7 is the effective product of those parts of A1 and A7 that are in view of
each other. For this case r1 , r2 , r3 , 0 1, 02, 61, 62, 6sI, and 0s2 are not
measured at the center of A1 and A7 , but as shown in Figure 9.

Dose rates calculated with the multiple scattering program generally represent
a sizable portion of the total dose rate: For 6-foot-square ducts calculated, multiple
scattering doses are about one-third of the total calculated dose rate.

$

10
F2 source

dletector

Figure 9. Geometry for calculating the 1-to-7 contribution.

PROGRAM 4. MULTIPLE CORNER INSCATTERING CALCULATIONS

The need for a more inclusive calculation of the corner lip effect was shown
when the sum of the previous calculations (the corner lip penetration and inscatter
from the LeDoux-Chilton program, the primary scattering surfaces from incremental
areas, and the multiple scattering) gave fairly good results for large ducts, but very
low results for small ducts. It was believed that the LeDoux-Chilton method of
treating the corner lip was correct, but that an important contribution had not been
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considered. The importance has already been shown for those dose contributions
involving two processes; i.e., two backscatters, and a backscatter and a penetration
of the corner lip (as for A5 , A6 , A7 , and A in the LeDoux-Chilton analysis).
Therefore, it was believed necessary to calculate those interactions involving back-
scatter from a surface and an inscatter from the corner lip.

The dose-rate contribution of the four cases involving these processes are
calculated in this program. These four cases are shown in Figure 10. The first
two cases involve a backscatter from a surface in the first leg to the corner lip
and an inscatter from the corner lip to the detector. The other two cases involve
an inscatter from the corner lip to a surface in the second leg and a backscatter
from that surface to the detector.

The equations used for these calculations are, for Cases 1 and 2:

D1ZNK(E1 , e 2 ) cos6 1 cose 2 (RL1)2

2
r3

D0aA, cos %0where D1
1 22
r Ir 2

and for Cases 3 and 4:

D D a A  cose 0

r3

D0 ZNK(E0 , es)Hcose I cose 2 (RL0)2

where DI = 22
rI r2
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In the above equations:

a = the albedo, calculated by Equations 2, 3, and 4

A. = the area of the scattering surface in the first leg

A. = the area of the scattering surface in the second legj

D = the dose rate at the detector

D = the dose rate at one unit length from the source

E 0 = the initial energy of gamma rays from the source

E1 = the energy of a gamma ray scattered through esl

K(E, 6) = the Klein-Nishina scattering coefficient
RL0 = the mean free path for gamma rays of energy E0

RLI = the mean free path for gamma rays of energy EI

ZN = the number of electrons per unit volume in the corner lp

and r1 , r2 , r3 , 0 , 6, 6i, 8 2' OSl, 6 s2 , and 0 are as shown in Figure 10 and
are measured at the center of the scattering area under consideration and at the tip
of the corner lip.

These calculations give large dose-rate contributions, as will be seen in the
following analysis of results. In general they account for about 50 percent of the
total dose rate in small (1 1-inch-square) ducts and about 15 percent in large (6-foot-
square) ducts. The contributions from Cases 3 and 4 are 5 to 10 times the contributions
from Cases 1 and 2.

COMPARISON OF CALCULATIONS AND EXPERIMENTAL DATA

The results of all the calculations performed to date are given in Table I. As
can be seen, the agreement between calculated values and measured values is normally
better than ±30 percent. The exceptions to this agreement are the 12-inch duct with
the Cs-137 source, ducts with very short first legs (L1/W = 1.33), and the values for
Au-198 sources. This is considered good agreement, as error in experimental measure-
ments and source strengths would probably introduce errors of 10 to 15 percent. This
can be seen by comparing the Co-60 data of Green, 6 Eisenhauer, 8 and Terre 119 for
Ll/w - 3.5.

14



F2 0 source rI source

detector detector

Case I Case 3

Ca.r 
2 69 r

Figure 10. Geometry for multiple corner inscattering with scattering surface in the
first leg (Cases I and 2) and in the second leg (Cases 3 and 4).
Areas 2 and 5 shown in Case 1 are either ceiling or floor.
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The larger error for the 12-inch duct with the Cs-137 source is evidently due
to an overestimation of the corner lip effect. The use of the energy-absorption
coefficient to obtain the mean free path is an overestimation that might become
important in small ducts at lower incident gamma-ray energies. Also, since the
energy-absorption coefficient is used, there is some double counting of gamma rays
from A5 , A6 , A7 , and A8 by including these areas in the geometry for the multiple
corner lip inscattering program.

The fact that the calculations are more in error for very short first legs can be
attributed to the assumptions going into the calculations; mainly those simplifying
the areas in the multiple scattering program, and the assumption that the gamma rays
impinging on the corner lip are parallel.

The discrepancy for Au-198 is more difficult to explain on the basis of the
calculations. The fact that there is something peculiar about the Au-198 measurements
can be seen from Figure 11.

51

W = 6 ft
4 L1/W =2

L 2/W 3.17
Do = dose at 3 ft from source

C.-137
_e- calculated

C
aAu198 measured " 60

'< No-24 /

0.2 0.3 0 A 0.5 0.6 0.8 1 3

Gamma-Ray Energy (mev)

Figure 11. Variation of dose attenuation with energy for a given duct.
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This figure is essentially the graph of experimentally determined attenuation
factors in a 6-foot-square duct, with L1 /W = 2 and L2/W = 3. 17, versus gamma-ray
energy. The points for Na-24 and Au-198 were obtained by interpolation of Terrell's
data. The point for Au-198 is much lower than one would expect from the trend of
the curve. The peculiarity of this point could be due to natural phenomena, or to
error in the measurements. More experimental measurements of Au-198 should be
made.

Tables II through V indicate the general magnitudes of the many contributing
sources of scattered radiation in a duct. The contributions from all of the scattering
sources considered in these calculations have been listed in Tables II and III for Co-60
and Tables IV and V for Cs-137, both for a small and a large duct.

The dose-rate contributions calculated for multiple corner lip scattering are
very large, especially for small ducts. That the contribution from the corner lip
is large in actuality can be seen from Figure 12.

4

D = total dose rote
DPA = dose rate from primary scattering areas
DM$ = dose rate from multiple surface scattering

3 D0  = dose rete at 1 inch from source

DL2
(measured) L 1 /W = 2

- "0 L2/W = 2

X u Co-60 source

Cal

E (DPA + DMS)L 1
2

0 , (( measw'red)1 
0

" (pA DMs)L 1
2

DO (calculated)

10 20 30 40 50 60 70 80

Width, W (in,)

Figure 12. Variation of corner lip effect with width of duct.
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In this figure the attenuation coefficient, DL1
2/D 0 , for L1/W = L2/W = 2 is

plotted versus W. Also plotted in this figure is the calculated (DPA + DMS) L12/D0,
where DPA is the dose from the primary scattering areas and DMS is the dose from
multiple surface scattering. Since (DPA + D/s)/D, scales as 0L12, the calculated
(DPA + DMS)Ll 2/D0 is constant on the graph, and since the only assumption is that
scattered gamma rays enter and exi at the same point, one would expect that the
physical values for (DPA + DMs)L 1 /D o would also plot as a constant if they could
be found. Since the corner lip effect decreases with W (about as l/W), the experi-
mental DL1

2/D 0 does appear to asymptotically approach a constant, which is drawn
on the figure. This constant is therefore labeled the experimental (DpA + DMs)L 12/D 0 ,
and any dose over this constant is due to the corner lip effect. As can e seen, tne
corner lip effects are by far the major contributors for small ducts.

The multiple surface scattering also gives a large contribution. As can be seen
in the breakdown of multiple scattering contributors, this is due to 24 small contributors
adding up to a sizable value, rather than to a few large contributors.

CONCLUSION

In summary, these programs appear to compute the dose rates in ducts through
concrete with sufficient accuracy to assist in entranceway design. The calculations
also point the way to fruitful experimentation, such as resolving the Au-198 anomaly
and determining the actual corner lip effect in small ducts.

18



Table 1. Comparison of Calculated and Measured Dose Rates

Data Sore Gam-Ray W LIAW L2/W Dose Rote (mr/kr) yeDifference
1 '

Source Calculated Measu red

Green 6  
0.34c Co-60 IlIin. 1.90 1.65 87.3 125 -30

2.06 44.5 61 -27
2.46 27.1 30.5 -11
3.68 8.46 7.31 +16

3.58 2.06 6. 17 7.3 -15
2.86 2.61 2.7 -3
3.68 1.30 1.3 0

Eitenhauor 8 0.6c Co-60 11. 1 In. 3.54 1.73 17.4 15.6 411
2.79 4.94 3.7 +33
3.51 2.65 2.02 +31

Terrell 9  55c Co-60 12 In. 3.50 2.0 916 852 +8
3.0 317 243 +30
4.0 140 110 +28

Chapman 7 2.4c Co-60 3 ft 2.0 1.67 20.6 17.5 +18
2.0 12.6 12.1 +4
2.34 8.35 7. 1 +18

2.5 1.50 14.5 13.5 +7
1.83 8.42 9.1 .8
2.0 6.70 6.4 +5
2.5 3.79 3.7 +2

TerrellI10  
3.67c C"*6 6 ft 1.33 1.83 15.4 11.8 +31

2.50 6.56 4.75 +38
3.17 3.47 2.42 +43

1.66 1.83 7.85 7.30 +8
2.50 3.46 2.73 +27
3. 17 1.85 1.39 +33

2.0 1.83 4.71 4.56 43
2.50 2.12 1.79 +18
3.17 1.14 0.935 +21

Terra 11
9  

80c Cs-1137 12 In. 3.5 2.0 606 430 +41
3.0 208 132 +58
4.0 90 90 +41

6 Ft 2.17 1.83 36.5 35.5 43
2.33 19.7 19.6 0

1.52c Ce-137 6 ft 2.0 1.83 0.858 0.714 420
3.17 0.207 0.186 +11

Terrell I .Ic Au-198 6 ft 1.66 1.83 6.90 3.22 +114
2.50 3.09 1.37 +126
3.17 1.60 0.738 +121

2.17 1.83 3.41 1.66 +105
2.50 1.54 0.714 +116
3.17 0.818 0.370 +126

4.2c No-24 6 ft 1.66 1.83 B. 772J 6.78 +29
2.50 3.84 2.80 +37
3.17 2.05 1.50 +37

2.17 1.83 4.17 3.64 +15
2.50 1.88 1.67 +13
3.17 1.02 0.912 +11

2.84 1.83 2.02 1.94 +9
2.50 0.931 0.828 +12
3.17 0.475 0.462 +3

j, e Difference =(measured -calculated/mesured) 100.

jiThe values far No-24 are the sum *f the values obtained using initial gamma-ray energies of 1. 37 mey

and 2. 75 mev.
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Table II. Comparison of Scattering Source Contributions in a 12-Inch Duct:
L1/W = 3.5, L2/W 3; Co-60 Source

4 1 1

6 5' 2 eS 2 S
3 .. . 3I I

7 8 9 4 5

D D
Breakdown of Multiple Breakdown of Multiple
Scatter Contribution Corner Lip Contribution

Scattering % of
Source Total Scattering % of Multiple Scattering % of Multiple

Combination Scatter Combination Comer
Contribution Contribution

A1  6.5 1-5 6.9 1-3 5.6
A2  7.3 1-6 3.3 2-3 4.5
A3 + A4  11.4 1-7 4.0 3-4 34.8
A5  1.7 2-4 7.9 3-5 55.0
A6  1.8 2-5 6.5
A7  0.6 2-6 6.0 Tota l 99.9
A8  2.1 3-4 4.6

Single 3.8 3-5 5.2

comer lip 3-6 2.6

inscatter 4-6 2.9
4-6 2.9

Multiple 19.0 4-7 2.4
surface 4-8 4.2
scatter 4-9 1.6

Multiple 45.7 5-4 3.0

corner lip 5-5 0.7
satr5-6 2.6scatter579

5-7 5.9

Total 99.9 5-8 5.3
5-9 3.9
6-4 3.7
6-5 3.2
6-8 7.1
6-9 4.1

Total 100. 1

20



Table Ill. Comparison of Scattering Source Contributions in a 6-Foot Duct:

L1/W = 2, L2 /W = 2.5; Co-60 Source

4 1 1

6 5 2 S 2 S

7 8 9 45

D D

Breakdown of Multiple Breakdown of Multiple
Scatter Contribution Corner Lip Contribution

Scattering % of
Source Total Scattering % of Multiple Scattering % of Multiple

Combination Scatter Combination Corner
Contribution Contribution

A1  12.8 1-5 6.0 1-3 9.0
A2  11.2 1-6 2.3 2-3 8.7
A3 + A4  23.5 1-7 5.9 3-4 32.5
A5  0.8 2-4 6.6 3-5 49.8
A6  1.0 2-5 5.5
A7  0.3 2-6 4.4 Tota l 100.0
A8  1.7 3-4 3.1

Single 3.8 3-5 4.4
3-6 2.2corner lip 4-5 3.6

inscatter 4-5 3.8
4-6 3.8

Multiple 27.8 4-7 2.6
surface 4-8 5.0
scatter 4-9 2.1

Multiple 16.9 5-4 3.9
5-5 1.2

corner lip 5-6 3.9
inscatter 57 6.6

Total 99.8 5-8 6.8
5-9 5.0
6-4 2.9
6-5 3. 1
6-8 6.1
6-9 3.2

Total 100.2
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Table IV. Comparison of Scattering Source Contributions in a 12-Inch Duct:

L1/W 3.5, L2/W = 3; Cs-137 Source

4 1 1
1 1

6 5 2 .S 2 .S

3 3

7 8 9 45

D D

Breakdown of Multiple Breakdown of Multiple
Scatter Contribution Corner Lip Contribution

Scattering % of
Source Total Scattering % of Multiple Scattering % of Multiple

Scatter Corner
Combination Contribution Combination Contribution

A1  6.1 1-5 6.1 1-3 5.1
A2  7.0 1-6 2.8 2-3 4.2
A3 + A4  10.5 1-7 3.9 3-4 34.8
A5  1.6 2-4 7.4 3-5 55.8
A6  1.5 2-5 6.4
A7  0.5 2-6 5.3 Total 99.9
A8  1.8 3-4 4.8
Single 4.1 3-5 5.0coner lip 3-6 2.4

4-5 2.6
inscatter 4-6 2.7

Multiple 17.9 4-7 2.3
surface 4-8 4.2
scatter 4-9 1.7

5-4 3.4
Multiple 49.0 5-5 0.8

corner lip 5-6 2.7

inscatter 5-6 5.65-7 5.6
5-8 5.5

Total 100.0 5-9 4.2
6-4 4.4
6-5 3.8
6-8 7.4
6-9 4.7

Total .100.1
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Table V. Comparison of Scattering Source Contributions in a 6-Foot Duct:
L1/W = 2, L2/W = 2.5; Cs-137 Source

4 1 1

65; 2 -S 2 .S

3

7 8 9 4 5

D D
Breakdown of Multiple Breakdown of Multiple
Scatter Contribution Corner Lip Contribution

Scattering % of
Source Total Scattering % of Multiple Scattering % of Multiple

Combination Scatter Combination Corner
C Contribution Contribution

A1  12.7 1-5 5.7 1-3 8.9
A2  11.0 1-6 2.2 2-3 8.3
A3 + A4  22.0 1-7 5.7 3-4 31.1
A5  0.9 2-4 6.6 3-5 51.7
A6  0.9 2-5 5.5
A7  0.3 2-6 4.3 Total 100.0
As 1.4 3-4 3.2

S3-5 4.5
Single 3.9 3-6 2.1

corner lip 4-5 3.6

inscatter 4-6 3.4

Multiple 28.5 4-7 2.5
surface 4-8 4.9
scatter 4-9 2. 1

5-4 4.2
Multiple 18.4 5-5 .3

corner lip 5-6 3.8

inscatter 5-7 6.1

5-8 6.8Total 100.05.r -ot i i 5-9 5.2

6-4 3.3
6-5" 3.5
6-8 6.1
6-9 3.5

Total 100.1
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